Evidence is presented that precipitation variations in the United States are related to the solar and lunar tidal forces. The results of the statistical investigation are consistent with a mathematical model that shows how a small periodic influence can be of possible importance for the timing of an cvcnt such as thc initiation of prccipitntion.
INTRODUCTION
The atmosphere undergoes some regular oscillations which are due to the gravitational effects of the moon and the combined gravihtional and thermal effects of the sun. It is conventional to c d these motions "tides" and to denote b y S, and L,, respectively, the oscillation whose period is the nth part of the solar day (24 solar hours) and the nth part of the 1unrl.r d t~y (24.87 solrw hours). These tides hare been studied by Chapman [4] and others. Recently Haurwitz [5] has reviewed the present state of our knowledge regarding these phenomena.
I n the vtrrintion of surlace pressure, Sz appears dominant ns a 12-hr. oscillation on tropical barogrttph traces while SI, Imve been determined b y statistic;d treatment of extensive c1atiL by Chaprnan [4] and others. The prevailing view in meteorology Iras been that on such weather elements as precipitation, apprecitlble lunar effects were neither likely nor detectable. Recently, however, brief reports by Bradley, Woodbury, and Brier [2] nnd Adderley and Bowen [I] , in which tx statistically significant association wtw found between the lunar synodic period of 29.53 clnys, and precipitation in the United States and New Zealand, raised some questions about the possibility of detecting lunar tidal effects in precipitation. A more detailed report by Brier and Brndley [3] presented additional evidence and the suggestion that some of the other lunar periods entering into t i d d theory might be important in describing or explaining the lunar-precipitation relationship.
Although our knowledge of the physical processes of precipitation is not complete enough to formulate a theory to include tidal effects, at least it seemed desirable to have a general physical framework that might assist in the interprettbtion of the precipitation. Since i t is not possible to distinguish between effects that might be due to thermal, gribvitntional, or other causes, this ptiper c,onsiders a11 or any of these effects as tidal which relate to the geometry of the situation, Le., to the positions of the sun, earth, and moon. This generd tidal theory provided some guidelines for performing specific statistical tests on precipitation d:Lta which are reported here with no attempt to select only those portions of the results which were "positive" or fnvorable (or unfavorable) to some specific hypothesis or preconceived idea.
ANALYSIS AND RESULTS

SYNODIC, ANOMALISTIC, AND NODICAL CYCLES
The tidd forces acting on the etlrth are a t a nltrxitnum a t syzygy, the event of a new moon or full moon, since the moon and the sun are then in line and pulling together. The tides nre further enhmced at this time if the moon is on the plnne of the ecliptic and is nearest the earth in its orbit (nt perigee). This precise line-up does not happen often because of the differences in the astronomicnl periods involved. The average length of the synodic cycle (from new moon to new nloon) is 29.53 days while the anomalistic cycle (from perigee to perigee) is 27.55 da>rs. The nodical cycle, the time it takes the moon to cross the plane of the ecliptic from north to south until it repeats, is 27.21 days. of figure 1 shows for all the data the mean variation in rainfall during the 15 days following syzygy. This is essentially the same figure presented by Brier For the purpose of the investigation reported here it seemed desirable to use hourly summaries and to obtain a nationwide average on an annual basis to make the data cornpamble to the national curves shown in figure 1 . This was accomplished by using annual summary tables of precipitation frequencies found in [7] . Table 1 shows an example of these data for Minneapolis, Minn. The 67 stations available were combined to obtain an estimate of the frequency of occurrence of precipitation amounts of 0.01 in. or greater according to the hour of the day. The results are shown in curve (a) of figure 4. The peak around 5:OO p.m. is not unexpected and is probably associated with the convection of late afternoon. However, the major peak is around 3:OO a.m. and appears to be not so well understood. It mny be associated with the area of maximum convergence in the north central United States during the early morning hours reported by Hering and Borden [6] . In any case, the semidiurnal oscillation Sz is clearly indicated, the phase of the fitted wave being shown by the arrows. known that the maximum tidal force occurs when ,the moon is overhead, but actual pressure observations show that the "high tide'' in the atmosphere occurs about 1 hr. after lunar transit. This means that on the day of the new moon the highest tide should occur at 1 :00 p.m. and about 50 min. later on each succeeding day. Thus, about 15 days later, at full moon, the highest tide should occur about 1:OO a m . This relationship was used t,o fix the solar day time scale to the synodic month time scale in figure 4. Examining curve (b), one can see that t,he precipitation peak falling a few days after the full moon corresponds t o the time of the synodic month when the moon is overhead a t around 3:OO a.m., when conditions are most favorable for precipitation. There is mother peak a few days after new moon, corresponding to the time of the synodic month, when the moon is overhead near the time most favorable for precipitation in t'be late afternoon. The arrow on curve (b) shows that t,lle time of the maximum of the fitted 14.765 day wave is at synodic decimal 0.17 (and 0.67) which is exactly the same as the phase determined for curve (a). The agreement between the two curves could be fortuitous but the c.hance is only 1 in 50 that unrelated phenomena or random data would give such ft good agreement in phase.
L2 OSCILLATION IN HIGH RAINFALL RATES
The preceding results led to consideration of t,he possibility of detecting the lunar tidal oscillation L1 in hourly precipitation data. cation was attempted although the n-lethad of selection would tend to favor stations with high rainfall and stations in those parts of the country where precipitation falls in the form of rain instead of snow. However, the selection was completely objective, with no bias toward any lunar time scale. These events were then summarized according to (a) the synodic month, (b) the hour of the solar day, and (c) the hour of the lunar day.
The results are shown in the three curves of figure 5 . Curve (a) shows the maximum peak in frequency of occurrence of high rainfall rates a few days after the full moon and is consistent with the results of Bradley et al. the greatest rates of precipitation should occur a few hours after the tidal forces reach a nmsimum but theoretical studies and further statistical investigation might pro-\;ide some addit,ional insight. Figure 6 shows the result of one study that WRS made to obtain an estimate of the importance of the solar-lunar hour interactions. The highest peak on this graph is a t 3:OO a.m., 4 hr. after lower lunar transit. The second highest peak is about 7:OO p.m., 2 hr. after upper lunar transit. On this chart there is a range of about six fold (from 32 to 183) in the relative frequency of precipit a t' ion events in spite of the rather severe smoothing that was used which would reduce the true amplitude of any sohrlunar effect. Thus, there is n strong indication that solar hour and lunar hour should be considered jointly or in combin a t' ion. The smallness of this as well as of other known extraterrestrial forces has led many to conclude that no appreciable weather effects are likely as a result of such lunar or solar variations since the forces involved'in the day-today weather changes are so much greater in magnitude. Some proponents of extraterrestrial effects have made vague suggestions of "trigger" effects, but usually no detailed physical mechanisms have been described to show how the small amounts of energy in the "trigger" could be amplified to produce large effects. No attempt will be made to resolve this controversy here but it does seem possible to propose a very simple mathematical m,odel to show how relatively small influences can be reflected in the statistics of geophysical or other natural phenomena.
A POSSIBLE
Let us assume that a system changes from one state to another when some limiting influence or force F reaches a threshold or critical level PC. This is illustrated by the solid sloping line in figure 7 where the change in state takes place at time tl when the increasing force F reaches the critical value F,. An example from hydrodynamics is the transition from laminar t o turbulent flow in a pipe when a critical Reynolds number is reached. An example from biology is the transition of an organism from the living state to the dead, in response to a continuous increase in the level of a toxin in the blood. Similarly, in the atmosphere we may suppose that a change from "no rain" to "rain" takes place when a limiting factor in the precipitation process reaches a certain critical value.
From figure 7 , it is clear that if some small-amplitude periodic functionf is added to F to produce the resultant shown by the dashed line, the time at which the change of state takes place becomes tz instead of tl. The argument is placed on a quantitative basis by a simple numerical experiment summarized in figure 8.' I n analytically. With 8 suffkiently small, the combined curve F+fhas no negative slope 2 I wish to thank E. N. Lorenzlfor pointing out'that the same results can be obtained and thus the probability of the event is simply proportional to the slope of F+f, forming a sine curve. For large 6 the probability is obviously eero!for some phases o f f and proportional to F+'f/for the remaining phases. this experiment f was represented by a cosine wave (Aj=2) with a period of 100 units of time and the slope dF/dt was permitted to vary over a large range. The curves plotted are for various values of ratio s=Af/AF where A F is the total change in the linear function F FIGURE 9.-Distribution of events E in respect to the phase of a 24-hr. and 25-hr. cosine wave with amplitudes 1.00 and 0.05 respectively. Events E are defined as the time when the critical level F , is first equallcd or excccded and the length of thc bars on the "clock" dials indicate the relative frequency of these events as P, varics from 1.05 to 0.00. during a n interval of 100 units of time, the length of period of the cosine wave. Curve (a) is for the case when f has a total range of 1/25th of the change of F in the period and shows the expected distribution of events E according to the time of the periodic function which reaches its maximum a t 0. The expected frequency is 0.10 since in computing these curves the frequency counts were smoothed by using 10-unit moving totals for the 100 classes involved. It is not necessary, of course, for the superposed force f to be sinusoidal, or for thnt matter to be either periodic or continuous. For example, one might have discrete impulses such as might be produced in atmospheric processes by the sudden influx of solar particles or by an attempt by man to modify the weilther by seeding clouds. In-regard to the possible influences of such quantities on the timinfl of weather events that involve a change i n state, it appetars that the relevant factor is the magnitude of the time variation of those impulses or forces in relation t,o the rate of change of the other forces existing when critical levels are being approached. In the contest of this paper, which is concerned with examining the evidence relating lunar tides to precipitation, it is suggested that since the lunar tides represent real physical forces it is reasonable to expect them to afect the time that rainfall begins when conditions otherwise become favorable for rainfall. This is quite different, of course, from contending that lunar tides cause precipittltion in a direct manner.
SUMMARY AND CONCLUSIONS
I n examining tidal theory as a possible general physical framework to assist in the interpretation of the association found between precipitation and the lunar synodic month, three separate lines of evidence have been presented.
The first of these is concerned with the stratification of 63 yenrs of daily precipitation data for the United States according to the magnitude of the tidal forces. Theory predicts that maximum effects should be observed at the time of syzygy when the moon is :kt perigee and on the plane of the ecliptic. This involves the synodic, anomalistic, and nodical periods of the moon which enter into tidal theory. The precipitation data show that the 14.765-day cycle has its maximum amplitude during the periocls when these "ideal" conditions prevail. At these times the average amount of precipitation over the 'United States was 20 percent higher two days after syzygy than it was two days before. These results suggest that it might be profitable to determine the vertical and horizontal tidal forces on a daily or hourly l m i s for a long period of time and study them in relation to precipitation.
The second type of evidence has to do with the internction between the lunar tides L1 and L1 and the solar tidal oscillations S1 and S2. T h e l u n :~ and solar oscilla- [lieceived M a y 20, 1964; revised September 28, 19641 lunar semidiurnal pressure oscilhtion well established, and the temperature oscillation and the oscillation in the wind that should accompany this found, an effect of the moon on precipitation should probably be expected." The mnthematical model and numericd example discussed in section 3 suggest that relatively small periodic influences can produce real and detectable variations in frequency data of this type.
Although all of the foregoing evicleuce is consistent with generd tidal theory and the decluctive arguments of section 3, it cannot be concluded that gravitational tidal forces are the actunl causes of the phenomena. The important variables in the ticlal equations are the distances to the sun t~n d the moon and their zenith angles. These same variables are important in other physical models that might be examined. Although it may be difficult to discover the exact physical mechanisms responsible for the lunar-precipitation relationship, tidal theory has provided a convenient framework to synthesize some of the observations and has led to further investig. '1 t-lolls from which it appears that additional clues have been obtained.
